Articles you may be interested in
I. INTRODUCTION
Charged polymers are macromolecules that contain ionizable groups that dissolve in polar solvents, leaving charged monomers on polymer backbone and releasing counterions into solution. 1 Charged polymers can be classified into polyelectrolytes with a single sign of charged monomers and polyampholytes with both positive and negative charges on the same chain. [2] [3] [4] Many charged polymers found in nature, including proteins, are in fact polyampholytes. In recent years, polyelectrolytes and polyampholytes have received considerable interest especially because of their importance in biology, materials science, and soft matter research. 5, 6 Depending on the different dissociation behavior one can distinguish between weak and strong polyelectrolytes, a classification widely used in the chemistry community, 1 or between annealed and quenched polyelectrolytes, the common classification of the same polymers used in the physics community. 7 Weak or annealed polyelectrolytes, for example, poly(acrylic acid), dissociate in a limited pH range only. Because of dissociation and recombination of ion pairs, the charges can effectively move along the chain. The imposed quantity is the chemical potential of the charges, which is equal to the pH of the solution except for a trivial additive constant. Therefore, by tuning the pH of the solution, the total charge of the polymer can be monitored. In the absence of electrostatic interactions (ideal case), and according to the solution pH, the fraction of charged monomers in a polymer a) Author to whom correspondence should be addressed. Electronic mail:
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where pK A 0 and pK B 0 are the intrinsic pK a of acid and base, respectively. Generally, the intrinsic pK a of the charged polymer will be replaced by an apparent one in Eq. (1) because of electrostatic interaction between charges. The difference between the apparent and intrinsic dissociation constants, e.g., of an acid is obtained as [8] [9] [10] [11] pK = pH − pK A 0 − log(f/(1 − f )).
(
The pK is related to the electrostatic contribution to the chemical potential defined by
where F el (f) represents the electrostatic free energy of the chain via pK ≈ μ el /(k B T ln10).
Note that at finite screening, the self-energy of a released proton gives an additional contribution to pK in Eq. (4) . 12 The specific properties of weak polyelectrolytes have attracted considerable interest in experimental, 11, 13 theoretical, 7, 10, 14, 15 and simulation studies. 8, 9, [16] [17] [18] [19] [20] [21] On the other hand, strong or quenched polyelectrolytes, for example, poly(sodium styrene sulfonate), where the distribution of charges along the backbone is solely imposed by polymer synthesis dissociate completely in the total pH range accessible by experiment. The rich behavior of strong polyelectrolytes is qualitatively different from that of uncharged polymers.
The behavior of polyelectrolytes in solutions strongly depends on the solvent quality for polymer backbone. Many polymers are based on a hydrophobic hydrocarbon backbone, and the solubility of polyelectrolytes in water is often only given by charged side groups. To minimize the interfacial area with the solvent an uncharged hydrophobic polymer immersed in water forms a globule. 26 After adding charges to the polymer the globule losses its spherical shape 27 and can form pearl necklaces. [28] [29] [30] [31] Molecular dynamics simulations of partially charged polyelectrolytes with explicit counterions in poor solvent conditions have shown that polyelectrolyte chains at dilute polymer concentrations adopt necklace-like conformation only in the narrow range of the interaction parameters. 30 A similar trend in Monte Carlo (MC) simulations of titration of hydrophobic polyelectrolytes have been observed where depending on the solvent quality for polymer backbone and pH − pK 0 value, a polyelectrolyte chain could be in five different conformational states: coil, globule, pearl necklace, sausage-like conformation, and fully stretched chain. 8 Raphael and Joanny have analyzed the behaviour of weakly charged quenched polyelectrolytes in a salt-free poor solvent using Khokhlov blob model. 7, 27 The crucial point is that the electrostatic contribution to the chemical potential has a nonmonotonic variation with the degree of ionization. 7 For τ > N −1/2 , where the solvent quality is measured by the dimensionless distance from the -point, τ = 1 − T/ and N is the number of monomers, the chain size and the chemical potential can thus be calculated to be
and
respectively. In the above equations, the dimensionless parameter u = λ B /b, where b is the bond length and λ B = e 2 /4π 0 k B T is the Bjerrum length that determines the strength of the Coulomb interaction.
For an annealed polyelectrolyte in a poor solvent, a firstorder conformational transition from a globule to an extended state of the chain predicted by theory 7 was confirmed by simulations. [18] [19] [20] This phenomenon explains the anomalous titration curves and the sharp increase in the viscosity observed in experiments. 11, 32 Note, however, that if the system is close to the point the discontinuous phase transition is suppressed and intermediate structures, such as pearl necklaces, can be stable. 7, 19 However, if the polyelectrolyte is in reasonably good or solvents, the electrostatic chemical potential is a smooth monotonic increasing function of charge fraction. 7, 16, 21 For a given pH, average charge fraction is well defined and the properties of the chains are very similar to that of quenched polyelectrolytes except a non-homogeneous charge distribution close to chain ends. 14, 17 The chain size and the pK can thus be calculated, for example, in a solvent to be 14, 16, 24 
respectively. Polyelectrolytes are more strongly stretched in the middle than at the ends, 14, 24 which yields a weak logarithmic correction in Eqs. (7) and (8) .
If one type of charge is in large excess, properties of polyampholytes are similar to those of polyelectrolytes. 3 If the polyampholytes are nearly charge-balanced, polymer properties depend noticeably on the charge distribution along the chain backbone. The opposite charges can, e.g., be distributed randomly along the chain, or similar charges can be arranged into blocks. One principal advantage of polyampholytes is that their association and stabilization behavior can be easily regulated by adjusting solution pH. This leads to many potential applications 5 and considerable interest in experimental, [33] [34] [35] [36] [37] [38] [39] [40] theoretical, 2, 28, 41-45 and simulation [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] studies of polyampholytes. The conductivity, viscosity, as well as coil size of random polyampholytes have a minimum at the isoelectric conditions where there are equal numbers of positive and negative charges on the polymer backbone. 3 Random polyampholytes collapse into globules due to the attractive interactions between the opposite charges along the chain and have a strong tendency to precipitate in the vicinity of the isoelectric point. The present understanding of, in particular, random polyampholytes in solution and their interaction with polyelectrolytes and surfaces has recently been reviewed. 3 The localization of like charges within a block causes stronger electrostatic attraction between oppositely charged sections. Thus, at the isoelectric point, diblock polyampholytes have a stronger tendency to precipitate compared to random polyampholytes. 33, 34 At pH values above or below the isoelectric point, block polyampholytes possess a net charge and can associate into soluble micelles. 33, 35 Recently, computer simulations of a single diblock polyampholyte [48] [49] [50] and theoretical studies of diblock polyampholytes in solutions 43, 44 have been performed. Grand canonical Monte Carlo simulations have also been performed to study the phase diagram of diblock polyampholyte solutions. 51 A charge-symmetric diblock polyampholyte chain with equally charged positive and negative blocks collapses into a globule, while a charge-asymmetric block polyampholyte has a tadpole shape with a globular head and a polyelectrolyte tail. 44 The association of block polyampholytes is driven by the charge density fluctuationinduced attractive interactions between oppositely charged blocks. 43, 44 The conformational properties of symmetric flexible diblock polyampholytes with fixed charge distributions along the polymer backbone have been investigated by using scaling theory and molecular dynamics simulations. 44, 48 The physical picture of weakly associated globules is a dense packing of electrostatic blobs where each blob is predominantly surrounded by oppositely charged blobs. The size of the symmetric diblock polyampholyte globule can thus be calculated to be 43, 44, 48 
where R g0 ≈ N ν b is chain size in the absence of electrostatic interactions, and the value of the scaling exponent ν is 0.5 in a -solvent and 0.588 in a good solvent. In addition, systems composed of diblock polyampholytes grafted onto uncharged spherical particles 54, 55 and flat surfaces 56 were investigated by computer simulations. Monte Carlo simulations 54, 55 revealed that the brush structure of anchored diblock polyampholytes strongly depends on charges of the blocks and the chain flexibility. Molecular dynamics simulations showed a linear dependence of the average brush thickness of flexible, semiflexible, and rodlike diblock polyampholytes on the grafting density regardless of different flexibility of anchored chains. 56 Despite recent interest, 33-40, 45, 52, 53 understanding of block polyampholytes carrying weak acids or bases still constitutes a challenging area for both fundamental and applied studies. Using Monte Carlo simulations in the grand canonical ensemble Ulrich et al. systematically studied polyampholytes carrying weak acids or bases by considering titration curves. 52 Simulations with screened Coulomb potentials for different primary structures such as statistical (diblock, octablock, and alternating) and random polyampholytes obtained various chain conformations such as extended, globular, and pearlnecklace conformations. 52 The complexation behavior of a weak polyampholyte with a positively charged nanoparticle was also investigated. 53 It was found that nanoparticle charge inversion is an important ingredient for the formation of multilayer structures at the nanoparticle surface.
The aim of our paper is to present a systematic investigation on the conformational properties of weak polyampholytes in order to understand the underlying physical mechanism of their coil-to-globule transition. We extend the earlier investigation 52, 53 on the conformational properties of diblock polyampholytes in good solvents to include the important case of varying solvent conditions. We have performed extensive grand canonical Monte Carlo simulations in order to study the influence of solution pH on ionization and conformational properties of a flexible diblock polyampholyte chain formed of two oppositely charged weak polyelectrolytes each containing equal number of identical monomers, in both good (hydrophilic) and poor (hydrophobic) solvent conditions. These are compared to the titration behavior of homopolymers, and differences in their behavior are discussed in the context of polyelectrolyte theory. We demonstrate that a first order transition between collapsed and extended chains of a diblock polyampholyte can be obtained by varying the solution pH. We expect that our model could help design experiments with a better understanding of the interplay between electrostatic and hydrophobic/hydrophilic interactions in polyampholytes. Polyampholytes are also of interest as they provide simple but useful models to investigate the protein-folding. 50 The outline of the paper is as follows: In Sec. II, we describe the model of diblock polyampholytes and the details of our Monte Carlo simulations. The simulation results are presented in Sec. III and a brief summary as well as our conclusions can be found in Sec. IV.
II. SIMULATION MODEL AND METHOD
The polymer is represented by the standard bead-spring chain model. 22, 30, 31 For a diblock polyampholyte, each N-mer consists of two blocks, namely, A and B. The A block is considered to be an acid (each monomer carries zero charge in the protonated state and one negative unit of charge in the deprotonated state) and the B block represents a base (each monomer carries zero charge in the deprotonated state and one positive unit of charge in the protonated state). In the present paper, we focus on the case with the same number of monomers (N/2) in each block. All monomers interact via a truncated-shifted Lennard-Jones (LJ) potential
where r is the distance between the centers of two monomers, and R C is the cutoff radius. The parameter LJ controls the strength of the short-range interactions, and the LJ diameter σ is used to set the length scale. We present the results for both poor and athermal (good) solvent conditions. For the good solvent condition, the cutoff R C is taken to be 2 1/6 σ , thus presenting a purely repulsive potential U LJ . The interaction parameter of this potential is chosen to be LJ = k B T, where k B is the Boltzmann constant and T is the absolute temperature. For the poor solvent, a larger cutoff R C = 2.5σ is utilized in order to include the attractive interaction between the monomers, and a value of LJ = 1.5k B T is used for the LJ parameter, which is far below the point corresponding to LJ ≈ 0.34k B T for the uncharged system. 31 The connectivity of the bonded monomers is maintained by the finite extensible nonlinear elastic (FENE) potential
where the spring constant k FENE = 7k B T/σ 2 and the maximum bond length R 0 = 2σ at which the elastic energy of the bond becomes infinite. 30, 31 The solvent is modeled as a continuous dielectric medium with dielectric constant . The charged monomers are thus interacting with each other via the unscreened Coulomb potential
where r ij is the distance between the centers of i and j particles, and q i is the charge valence of the ith particle, equal to −1 (+1) for the monovalent negative (positive) charges and 0 for the neutral monomers. The Bjerrum length
, where e is the elementary charge, determines the strength of the electrostatic interactions.
Equilibrium properties are studied by using standard Metropolis MC simulation. To equilibrate both long and short length scales, we combine two different configurational MC moves: (i) local and (ii) pivot. During local moves a random displacement is given to a randomly chosen monomer. In a pivot move, the randomly chosen connected chain on either side of a randomly picked monomer is randomly rotated around that monomer. The annealed polyelectrolyte or polyampholyte is simulated in a grand canonical ensemble where the chain is in contact with a reservoir of charges of fixed chemical potential imposed by the solution pH via 12 (base).
Exactly speaking the ensemble is a semi-grand canonical one where the total number of particles (monomers) is fixed but the number of particles which carry a charge is fluctuating. In addition to the configurational MC moves introduced above the algorithm is completed with a charge move by which the charge state of a randomly chosen monomer is switched. The energy change of a complete MC move reads
where E c is the change in configurational energy
The ± sign in Eq. (14) was changed depending on whether a protonation or deprotonation was attempted. We also employed a conservative early-rejection scheme 57 for accelerating MC simulations of uncharged polymers. The conservative early-rejection MC scheme satisfies the detailed balance and uses exactly the same standard Metropolis criterion to check whether a move is accepted or rejected. We prefer the conservative early-rejection scheme over the conventional Metropolis because the latter computes all the interactions before checking the acceptance/rejection condition, while the former checks the condition at every step of the loop assuming that the unevaluated interactions contributes with the minimum energy possible, U min . The interactions at the new position are separated into two terms. The first term collects the evaluated interactions up to say the kth particle, and the second accounts for the unevaluated interactions for the rest of the particles (i.e., the N − k particles). Thus, a move is rejected if and only if the following inequality is true: (16) where R is a uniformly generated random number in the interval [0,1], U n ij accounts for the energy associated with the displaced particle i at the new position due to the interaction with the other j particles, while U o ij is the energy associated with it at the old position. In reality, of course, not all the remaining particles are at this exact distance corresponding to the minimum energy (U min ) away from the translated particle. However, if at any stage along the loop, the relation in Eq. (16) was true, with this minimum energy associated with the remaining N − k particles, then this move is guaranteed to be rejected regardless if the calculations proceeded or not.
To ensure that the simulations generate equilibrium data we start from both straight and random initial conformations and require that after appropriate relaxation they yield identical averaged quantities. For local MC moves, random displacements are chosen uniformly from the intervals −0.5σ ≤ x, y, z ≤ 0.5σ . A 1:1:200 combination of the local, charge and pivot MC moves, respectively, was found to be the most efficient choice. Details on the general simulation route as well as on statistical error analysis can be found in Ref. 19 . Each diblock polyampholyte is equilibrated for a period of 3 × 10 6 − 5 × 10 6 Monte Carlo steps per monomer (MCM), and the physical properties of the chain are obtained by averaging over the production run of 6 × 10 6 − 7 × 10 6 MCM after the equilibration. The simulation results presented below are obtained by averaging the production data over six trajectories which started from different initial conformations. Finally, the relative error of the root mean square end-to-end distance was found to be less than 5% and the fraction of charges are reproducible within less than 2% independently of the conformation of the charged polymer.
III. SIMULATION RESULTS
We have investigated weak polyelectrolytes (homopolymers) consisting of N = 128, and 256 monomers. For the case of the diblock polyampholytes formed of two weak polyelectrolyte blocks, the number of monomers is taken to be N = 64, 128, and 256. Because of the fact that counterions are not treated explicitly in our model, the value of the Bjerrum length has to be chosen as λ B σ to avoid problems with counterion condensation. 30 Therefore, our simulation results need to be compared with experiments where counterion condensation plays an insignificant role. In our simulations, we have set the Bjerrum length to the value λ B = σ unless otherwise stated. The Bjerrum length of bulk water is about 7.14 Å at room temperature, which sets the length scale for our simulation, i.e., σ ≈ 7.14 Å. In our simulation, the average bond length is given by b ≈ σ , leading to b ≈ 7.14 Å and the dimensionless Manning ratio is fλ B /b 1, below the Manning condensation limit for a fully stretched chain. 30 The values of pK A 0 and pK B 0 are set to 5.5 and 7.5, respectively. The current choice, for example, is comparable to the apparent pK a values cited in the experimental study of weak poly(methacrylic acid)/poly[2-(dimethylamino)ethyl methacrylate] diblock polyampholyte brush. 36 Note that our model could be extended to consider several types of monomers with specific intrinsic pK a values so as to mimic the behavior of biopolymers 52, 53 such as proteins. In the previous simulation studies of diblock polyampholytes, 52 pK A 0 and pK B 0 were arbitrarily set to 2.17 and 9.53, respectively. As we show below, our simulation results are in quite good agreement with earlier simulations. 52 In the following, conformational changes of polyelectrolytes and diblock polyampholytes with the pH (or with the corresponding average charge fraction) are analyzed in detail in both poor and good solvent conditions for polymer backbone.
A. Titration curves
Titration curves are defined as the variation of average charge fraction f as a function of the solution pH and have been proven to be a valuable approach in the understanding of the acid-base properties of weak polyelectrolytes. [8] [9] [10] The overall shape of the titration curve depends on the nature of the charged polymer that is titrated. Fig. 1 presents the simulation results of the titration curves for a diblock polyampholyte in the absence of electrostatic interactions between the monomers (λ B = 0), where a perfect agreement with the theoretical prediction, Eq. (1) is obtained. The change of the solution pH induces charge asymmetry in weak polyampholytes. As shown in Fig. 1 , at the isoelectric point, pH = 6.5, both the average charge fraction of the A block, f A , and the average charge fraction of the B block, f B , are equal. The charge fractions f A and f B as a function of solution pH are symmetric with regards to the pH value corresponding to the isoelectric point. Fig. 1 also serves as a test of the charge moves (see Eqs. (13) and (14)) used in the simulations of weak polyampholytes. Note that the simulation results in Fig. 1 are independent of polymer models or solvents used.
The electrostatic interactions between charges along the chain are expected to influence the titration curves of diblock polyampholytes. 52 We present in Fig. 2 because titration curves of A and B blocks are symmetric with respect to the isoelectric point (pH = 6.5). As compared to ideal case represented by solid lines in Fig. 2 , electrostatic interactions strongly influence the acid-base properties of flexible diblock polyampholytes in both poor and good solvents by promoting the coexistence domain of both negative and positive charges. Ulrich et al. 9 recently studied the complexation behavior of a weak polyelectrolyte with an oppositely charged nanoparticle, where it was shown that the presence of one oppositely charged nanoparticle significantly modifies the acidbase properties of the weak polyelectrolyte. For comparison purposes, titration curves obtained using separate simulations of corresponding weak polyelectrolytes (homopolymers) in poor and good solvents are shown as open symbols in Figures 2(a) and 2(b) , respectively. A similar situation is obtained where the presence of an oppositely charged weak polyelectrolyte block significantly modifies the acid (base) property of a weak polyelectrolyte by promoting the formation of negatively (positively) charged monomers over the whole pH range in poor as well as good solvents. A notable observation, however, is a discontinuous transition of the average charge fraction as a function of pH for polyampholytes in poor solvents. The discontinuous transition 7, 18-20 of the average charge fraction is observed at pH ≈ 4 in the monoblock case. Due to interactions between opposite charges, discontinuous transitions of diblock polyampholytes occur at relatively higher pH values (pH ≈ 12). Below we provide more quantitative analysis and discussions about the results in Fig. 2 separately for each case. Note that, in order to compare theory and simulation, the pH value was converted to the corresponding pK using Eq. (2).
B. Weak polyelectrolytes
In this section, we discuss simulation results by considering weak polyelectrolytes (homopolymers) in poor and good solvent conditions for polymer backbone. Previous studies have observed qualitative agreement between simulations [18] [19] [20] and theoretical prediction 7 that electrostatic chemical potential or pK has a nonmonotonic variation with average charge fraction f in poor solvents. Here we show that our simulation results follow the scaling predictions 7 by Raphael and Joanny not only on a qualitative but also on a semiquantitative level. In order to directly test theoretical predictions, 7 Eqs. (5) and (6), in Fig. 3 we plot as symbols the simulation results of rootmean-square radius of gyration R g , which is defined as
and pK (Eq. (2)) of weak polelectrolytes as a function of average degree of charging in poor solvent conditions. In order to collapse the data of different degree of polymerizations at high charge fractions, root-mean-square radius of gyration and pK are rescaled according to Eqs. (7) and (8), respectively. The reason for fitting the simulation data obtained in poor solvent condition with the theoretical predictions (Eqs. (7) and (8)) derived for the ideal solvent case is justified by the fact that at high charge fractions the chain in a poor solvent behaves like rod of ideal blobs. 7 The effect of the first-order transition is approximately marked by transition regimes with pK decreasing as a function of average charge fraction in the plots. The insets of Fig. 3 show log-log plot of the data in the main figures which provide a more direct comparison of the simulation data with the theoretical predictions obtained for the poor solvent condition (Eqs. (5) and (6)). However, for the purpose of clarity, only the data for the degree of polymerization N = 256 are given in the insets. Overall, the simulation results are in good agreement with theoretical predictions. 7 Note that deviation from the scaling predictions (see, e.g., insets of Figures 3(a) and 3(b) depicting power laws 4/3 and −1/3, respectively) occur due to first-order transition. 7 In addition, double-minima structures 18, 58 in probability distributions of free energy E = E c + μN c , 12 where N c is the number of charged monomers, demonstrated that conformational transitions in our model indeed are of first order nature (see Fig. 4 ). The conformation of the weakly charged chain is globule, 7 and this is found in one of the two minima of the free energy profile. At high charge fractions, the chain is elongated to, e.g., rod-like conformation of ideal blobs 7 which could be found in the second minimum of the free energy profile. Since the two minima of the free energy profile have the globule and extended character, respectively, the first-orderlike transition we found in the poor solvent belongs to the globule-extended chain transition. Yamaguchi et al. showed that chain conformations near the transition state consists of one blob and one or two strings. 20 We obtained similar tadpole (one blob and one string) shaped conformations in the plateau region of the titration curves, where the pH remains almost constant, that closely resemble the first-order transition state 20 with relatively weakly charged globular head, while charges accumulate along the string. A detailed analysis of the conformational properties of chains demonstrating this transition as well as numerical evidence supporting the charge accumulation along the string of the tadpole can be found in previous simulation studies. [18] [19] [20] However, if the polyelectrolyte is in good solvents, the electrostatic chemical potential is a smooth monotonic increasing function of charge fraction. conformational properties of a polyelectrolyte can be analyzed using the concept of electrostatic blobs. 26, 27 On length scales smaller than the electrostatic blob size, ξ e , the chain statistics are almost unperturbed by the electrostatic interactions. Therefore, ξ e and the corresponding number of monomers g e in it are determined by the balance between the electrostatic and thermal parts of the free energy
where ξ e follows the scaling law of a neutral chain:
and the value of the scaling exponent ν is about 0.588 in good solvents. Following Eqs. (18) and (19), the size of the electrostatic blob is
and the number of monomers inside the electrostatic blob is found to be
On length scales larger than ξ e , electrostatic interactions dominate and the blobs repel each other to form a fully extended chain of size
The energy of a polyelectrolyte in the elongated conformation is on the order of the thermal energy k B T per electrostatic blob
From the definition of the electrostatic chemical potential (see Eqs. (3) and (4)), finally we obtain
Logarithmic correction in the scaling formulation has been previously applied in the case of solvent (Eqs. (7) and (8)). 14, 16, 24 The derivation of logarithmic correction in good solvent case is non-trivial and it is out of scope in this paper. However, the logarithmic correction is observed to modify mainly the scaling dependence of pK or R g on degree of polymerization N and not on average charge fraction f. 16 To verify the predictions derived above, in Fig. 5 we plot rootmean-square radius of gyration and pK as a function of average charge fraction for weak polyelectrolytes in good solvent conditions. The simulation results indicate that the conformational transitions are correctly predicted by Eqs. (22) and (24) .
C. Diblock polyampholytes in poor solvents
In this section, we analyze simulation results by considering the case of dibock polyampolytes formed of ionizable groups of weak acids and weak bases in poor solvent conditions for polymer backbone. Simulations have been done sufficiently deep in the poor-solvent region, i.e., the corresponding neutral block is collapsing into a globular state. The simulation results of root-mean-square radii of gyration of an individual block of the diblock polyampholyte as a function of average charge fraction of the same block follow the scaling law for a neutral globule, R g ≈ N 1/3 σ (Eq. (5)) except for high charge fractions (f A = f B ≈ 1). At high charge fractions, the individual block size of the diblock polyampholyte increases from R g ≈ N 1/3 σ to the single chain value R g ≈ N(u) 1/3 σ (Eq. (5)). As discussed above, in the case of a homopolymer under poor solvent conditions there is a cross over in the scaling law of chain size from R g ≈ N 1/3 σ at low charge fractions to R g ≈ N(uf 2 ) 2/3 σ for the intermediate charge fractions (Eq. (5)). However, due to interaction between opposite charges, a similar cross over of scaling law is absent in the corresponding case of the diblock polyampholytes. There is also negligible effect of the discontinuous transition on the scaling law of size of an individual block as a function of average charge fraction of the same block in the poor solvent condition. The individual chain size still follows the scaling law of R g ≈ N 1/3 σ at intermediate charge fractions or in the discontinuous transition regime (pH ≈ 12). In the vicinity of the isoelectric point, pH = 6.5, the diblock polyampholytes display globular conformations. In fact, in the whole pH range, the diblock polyampholyte chains exhibit either a globular conformation or a tadpole 44 conformation for the systems studied.
A well pronounced plateau, where the pH remains almost constant, in titration curves has been related to a discontinuous transition between collapsed and stretched states. 7, 15, 18 Here we will focus on the plateaus we obtained in the titration curves of diblock polyampholytes in poor solvents (solid symbols in Fig. 2(a) ). As suggested for weak polyelectrolytes in poor solvent, a direct way to determine the order of the phase transition is the histogram method of Lee and Kosterlitz. 58 Thus the double-minima structure in the probability distribution of the free energy, for example, provide direct evidence for the first-order nature of the transition. 18, 20 In Fig. 6 , we plot the probability distribution of the corresponding free en- 12 where N − and N + are the number of charged monomers in A and B blocks, respectively. The normalized distribution function P(E) is related to the semi-grand potential via A/k B T = −lnP (E). The free energy distributions of the diblock polyampholytes in poor solvents have the double-minima structures, which clearly indicates that the polymers experience first-order transitions during the pH titrations.
Typical simulation snapshots that illustrate chain structures in the different transition regions at pH = 11.65 are shown in Fig. 7 . The equilibrium snapshots are given at E/(Nk B T) ≈ −4.3, −4.2, and −4.1 for Figures 7(a), 7(b) , and 7(c), respectively. The probabilities for these different chain conformations to occur at pH = 11.65 are given by the corresponding P(E) values (see Fig. 6 ). The snapshots suggest that the diblock polyampholyte has a globular or tadpole 44 shape with a globular head and a polyelectrolyte tail in the transition regions. We conclude, therefore, that the double minima structures obtained in the free energy distributions are the signature of first-order transitions between collapsed (globule) and extended chains (tadpole). Visual inspections of snapshots show that in the vicinity of the transition state ( Fig. 7(b) ), the head and tail sizes of the tadpole conformations 44 become approximately equal which has been confirmed by using a cluster-recognition algorithm known from the literature. 19, 30 In addition, there is a significant disbalance between the number of positively and negatively charged monomers within the head of the tadpole near the transition region. The net charges of the globular head and tail in the tadpole conformation, for example, shown in Fig. 7 (c) are ≈−30e and ≈−37e, respectively.
Note that a neutral nonalternating polyampholyte in a low dielectric solvent undergoes a first-order coil-globule transition as the temperature is varied. 41 At this point, our simulation results have shown that discontinuous transitions of diblock polyampholytes in the degree of charging are closely associated with discontinuous conformational transitions. Polyampholytes can thus be caused to collapse also by varying the charge chemical potential μ, which can be easily done in experiments by changing the pH of the solution. Using the proton bath in the experiments may introduce electrostatic screening (at least, besides explicit counterions or counterion condensation, etc.) for polyions. As a result, weak polyelectrolyte and diblock polyampholyte systems may not be treated as salt-free solutions. Thus the model investigated in this work may require extreme conditions for experimental verification. The effect of varying salt concentration on the first-order transition behavior of weak polyelectrolytes in poor solvent is discussed in Ref. 59 .
D. Diblock polyampholytes in good solvents
The striking difference between diblock polyampholytes formed of two oppositely charged weak polyelectrolyte blocks in the poor and good solvent conditions is the absence of discrete transitions in the latter (see Fig. 2 ). In order to better understand conformational changes of the diblock polyampholytes with the pH or with the corresponding average charge fraction, simulation results of root-mean-square radii of gyration of B block as a function of average charge fraction f B in good solvent conditions for polymer backbone are presented as symbols in Fig. 8(a) . Our simulation results suggest that the size of an individual block of the diblock polyampholyte has a nonmonotonic variation with average charge fraction of the same block. For f B 0.4 and f B ≈ 1, B block follows single-chain polyelectrolytelike behavior (solid line in Fig. 8(a) ). The A and B block sizes were found to be approximately equal at the crossover from single-chain polyelectrolyte-like behavior of B block to polyelectrolyte-like behavior due to repulsion between uncompensated charges along the chain (0. not shown) and B blocks approximately equal, the root-meansquare radius of gyration of B block decreases as a function of average charge fraction of the same block. Inspection of Fig. 2(b) (titration curves of A and B blocks are symmetric with respect to the isoelectric point, pH = 6.5) reveals that in the interval of 0.4 f B 0.85, the charge fraction of A block is approximately constant. Therefore, due to the symmetry of the diblock chain, the same constant charge fraction happens for the B block in the interval of 0.4 f A 0.85. In order to get an insight into the diblock polyampholyte structures at various charge fractions, snapshots of equilibrated conformations are also presented in Fig. 8(a) as a function of average charge fraction of B block. In agreement with previous simulations, 52 we observe extended as well as globular conformations, and weakly charged block has coiled or extended structures, whereas the strongly charged block has extended conformations.
The intrachain electrostatic interactions lead to charge compensation and thus repulsion between uncompensated charges 2 3) ), we thus propose that the electrostatic contribution to the chemical potential of the charges has a monotonic variation with |f A − f B | in good solvents if polyelectrolyte-like behavior of the diblock polyampholyte is due to repulsion between uncompensated charges along the chain, i.e., μ el /k B T ≈ |f A − f B | 0.416 . In the vicinity of the isoelectric point, the polymer exhibits the unusual polyampholyte properties. We demonstrate below that the physical properties of diblock polyampholytes at the isoelectric pH and in the weak association regime can be well described by the "scrambled egg" model of electrostatic attraction. 48 At the isoelectric point, as illustrated in Fig. 9 we obtained quantitative agreement of our simulation results for normalized root-mean-square radii of gyration R g /R g0 of diblock polyampholytes as a function of average interaction parameter λ B (fN) 2 /R g0 with molecular dynamics simulations performed 48 for symmetric diblock polyampholytes consisting of two oppositely charged quenched polyelectrolyte blocks. Since the two blocks of the chain each with degree of polymerization N/2 are symmetric in average charge fractions at the isoelectric point, their average sizes are expected to be exactly the same at all values of electrostatic interaction strength, λ B , which is confirmed in our simulations. The electrostatically driven coil-globule transition of the diblock polyampholyte carrying weak acids or bases in good solvents is found to consist of different regimes at the isoelectric point identified with increasing electrostatic interaction strength. In the first folding regime, the size of the whole chain decreases, while the individual block sizes remain approximately constant. In the second weak association regime, the average sizes of the whole chain and the individual blocks are equal to each other, reflecting the collapse of the chain into a globule. 48 Here, fluctuation-induced electrostatic attraction between oppositely charged sections of the chain is the driving force for the collapse of the diblock polyampholytes as shown by the agreement between theoretical prediction, Eq. (9), and simulations. We used ν = 0.588 in the power law prediction of the scaling theory Eq. (9) to obtain the exponent as −0.18. Note that for the simulations at the isoelectric point we performed exactly the same semi-grand canonical MC simulation procedure as described in Sec. II, while the Bjerrum length was varied from λ B /σ = 0 to 4.
While we have captured the main features of pH-induced transitions with our model, it would be desirable to perform simulations where counterions, 21 water molecules, and salt ions are considered explicitly. Nevertheless, we emphasize that our goal is to explore qualitatively the interplay between electrostatic and hydrophobic/hydrophilic interactions in our model polyampholyte. It is unlikely that a more refined electrostatic model would change the trends and main conclusions drawn in this paper. We plan to expand the work on diblock polyampholytes to include the effect of explicit counterions on pH-induced transition.
IV. CONCLUSIONS
We performed extensive grand canonical Monte Carlo simulations to investigate the titration behavior and conformational properties of flexible polymers carrying weak acid and weak basic moieties in poor and good solvent conditions for polymer backbone. In particular, we address weak polyelectrolytes (homopolymers) and diblock polyampholyte chains formed of two weak polyelectrolyte blocks namely, A and B, each containing equal number of identical monomers. The A block is considered to be an acid (each monomer carries zero charge in the protonated state and one negative unit of charge in the deprotonated state) and the B block represents a base (each monomer carries zero charge in the deprotonated state and one positive unit of charge in the protonated state).
In agreement with the theoretical predictions 7 and earlier simulations, [18] [19] [20] the coil-globule conformational transition, obtained by changing solution pH, of a weak polyelectrolyte (homopolymer) under poor solvent quality has been found to be of first order. In addition, electrostatic contribution to the chemical potential of the charges has a nonmonotonic variation with average charge fraction for a weak polyelectrolyte in poor solvents and follow the scaling predictions 7 not only on a qualitative, 18-20 but also on a semiquantitative level. In the good solvent case, chemical potential is a monotonic function of charge fraction which is in good agreement with previous simulations 16 and with our theoretical prediction Eq. (24). The change of solution pH induces charge asymmetry in a diblock polyampholyte. The analysis of the titration curves clearly demonstrates that the presence of an oppositely charged weak polyelectrolyte block significantly modifies the acid (base) property of a weak polyelectrolyte by promoting the formation of negatively (positively) charged monomers over the whole pH range in poor as well as good solvent conditions. Similar results have also been obtained for simulations of complex formation between a weak polyelectrolyte chain and an oppositely charged nanoparticle. 9 A charge-asymmetric diblock polyampholyte in poor solvents has a tadpole shape with a globular head and a polyelectrolyte tail in the vicinity of the isoelectric point. For the first time, using computer simulations, the examination of titration curves and probability distributions of the free energy of diblock polyampholyte chains in poor solvents clearly demonstrates that a first order transition between collapsed (globule) and extended chains (tadpole) is obtained by varying the solution pH. The head and tail sizes of the tadpole conformations become approximately equal in the vicinity of the transition point.
A marked difference between diblock polyampholytes formed of two oppositely charged weak polyelectrolyte blocks in the poor and good solvent conditions is the absence of discrete transitions in the latter. In agreement with previous simulations 52 we observed, for example, globular as well as extended conformations of diblock polyampholytes in good solvents. At pH values above or below the isoelectric point chains show polyelectrolyte-like behavior due to repulsion between uncompensated charges along the chain. At the isoelectric point the polymer exhibits polyampholyte properties and the electrostatically driven coil-globule transition of the diblock polyampholyte in good solvents is found to consist of different regimes identified with increasing electrostatic interaction strength. Our simulation results (see Fig. 9 ) show quantitative agreement with those obtained by using molecular dynamics simulations performed 48 for symmetric diblock polyampholytes consisting of two oppositely charged quenched polyelectrolyte blocks. The theoretically predicted 43, 44, 48 scaling laws of these conformational properties are in very good agreement with our simulation results.
